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Abstract: One of the most important negative consequence in the fusion welding processes is the 
generation of tensile residual stresses in welded joints. The main goals of this work are to determine 
the optimal combination of welding parameters to minimize the residual stress level and the 
influence of each welding parameter in that feature to weld 6082-T6 aluminum alloy plates using the 
GMAW welding process. To achieve these goals was implemented the Taguchi orthogonal array 
(L27) to define the design of numerical and experimental tests. All combinations were simulated in 
the Simufactwelding 6.0 software, from which it was possible to obtain the values of maximum 
residual stresses. The data treatment was carried out, reaching the combination of levels for each 
parameter. With ANOVA analysis was found that the parameter with the greatest influence in the 
residual stress generation was the welding speed, while the parameter with the least influence was 
the torch angle. Also, to minimize the residual stresses it was observed that the optimal combination 
of welding parameters is welding current intensity of 202 A, welding speed of 10 mm/s, and 30° of 
inclination of the angular torch. The two simulations that resulted in the highest and lowest residual 
stresses were validated experimentally by the hole drilling method to measure the residual stresses.  
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1. Introduction 
Aluminum alloys gathers wide range of acceptance and potential application in automobile, 
aerospace, ship building industries, off shore structures and construction of bridges due to the low 
weight, superior strength to weight ratio and other anti-corrosive properties of this material [1]. 
Compared to steel, the main advantages of aluminum alloys are the high strength-to-weight ratio, the 
excellent corrosion resistance and reduced maintenance, which compensate their higher price 
compared to steel [2–4]. For example, 6xxx series Al-alloys are widely used due to the excellent 
physical and chemical properties, such as corrosion resistance, good formability and weldability [5]. 
The aluminum alloy studied in this work is 6082-T6, which is an extruded medium to high strength 
Al–Mg–Si alloy that contains manganese to increase ductility and toughness. The T6 condition is 
obtained through artificial ageing at a temperature of approximately 180 °C [6]. The most important 
advantages of 6082 aluminum alloys are low specific weight, high corrosion resistance and superior 
thermal conductivity [7,8]. 
One of the most common welding techniques for aluminum alloys is gas-metal arc welding 
(GMAW), which offers advantages such as deep penetration, smooth weld bead, high welding speed, 
large metal deposition rate, lower spatter, lower distortion and shrinkage, and lesser probability of 
porosity and fusion defects and the possibility to be robotized [9–12]. This process, due to the high 
temperatures involved, causes thermomechanical distortion and generation of residual stresses [13], 
which can lead to a premature collapse of the welded structure. In this way the mechanical properties 
of welding joints may determine the performance and service life of a welded structural part. Thus, 
the welding quality of aluminum alloy should be carefully considered [14].  
In recent years, extensive studies [15] have been reported to investigate the influence of 
shielding gas on metal transfer [16], the influence of different wire-electrodes on metallurgical 
characterization [17], and effects of processing parameters (such as gas mixtures [18] and  
preheating [19]) on mechanical properties of GMAW process [20]. However, the basic parameters in 
robot welding, such as electric current, torch angle and welding speed, also need attention. Despite of 
many advantages in the GMAW process, there are still some shortcomings needing to be resolved, 
such as the welded distortion [21] and the generation of residual stresses [13]. 
To understand these behaviors in welds, three types of studies can be used: analytical, 
experimental and numerical. Among the analytical solutions, Rosenthal [22] proposed, for the first 
time, an analytical solution in 1946, of a semi-infinite body for thin and thick plates based on 
constant properties of the material. In 1999, Nguyen [23] showed an analytical solution based on 
Green’s vector function using a Gaussian double-ellipsoidal thermal distribution. Goldak et al. [24] 
presented a numerical solution in the form of a semi-ellipsoidal and double-ellipsoidal heat source 
(applied methodology), more recently, Nasiri and Enzinger [25] proposed an analytical solution for 
heating flux in welding called adaptive function. These authors measured temperature values close to 
the melting line and determined the relative error less than 5% concerning the experimental method. 
In this work, a set of numerical simulations based on experimental validation were implemented. 
It is important to notice that experimental analysis is extremely important to predict the reduction of 
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mechanical properties induced by welding [26]. This prediction can be made by computational 
methods, due to the advancement of technology, through the Finite Element Method (FEM). It is 
possible to simulate a weld bead and approximate what the result will be, such as residual stresses 
and distortions [27–30]. 
Despite the capabilities of finite element software, it is important to perceive the discrepancy in 
computational results in relation to the experimental results. For this, we conducted a study of a 
corner welding of two aluminum bars 6082-T6 and validate the numerical results with the 
experimental ones. This study intends to observe the influence of certain welding parameters like 
electric current, torch angle and welding speed with three different levels each in the values of 
residual stresses. To perform the combinations of levels for the different parameters resorted to an 
orthogonal array of Taguchi L27 resulting 27 different combinations. The 27 combinations were 
simulated using the Software Simufacwelding® 6.0, from which it was possible to recall the values 
of the maximum principal stresses (MaxPS). 
2. Materials and methods 
2.1. Residual stresses 
The residual stress plays an important role in crack initiating and propagating in the metal  
parts [31]. Residual stresses are those stresses that remain after deformation with all external forces 
removed [32], occurs in materials and mechanical components during manufacture from many 
processes like plastic deformation or forming, machining or welding processes, among others [33,34]. 
Both material and deposition process may produce a residual stress, which may be particularly 
critical in applications where a large mismatch exists between thermal, structural and mechanical 
properties of the layers and substrates [32]. That is, the state of a residual stress depends both, on the 
previous processes it underwent and also on the properties of the material that relate to the 
mechanical process.  
For particular case of welding process, residual stresses are caused by the application of intense 
heat or thermal loading at the weld joint, which causes plasticity of the material underneath and 
immediately surrounding the weld arc, but the nearby cooler material remains elastic and acts to 
constrain the heated material. The thermal cycle imposed on any welded object causes thermal 
expansions and contractions to occur which vary with time and location. Because this expansion is 
not uniform, stresses appear when hot regions near the weld are restrained by cooler regions further 
away. Plastic deformations, occurring as a result of these stresses lead to residual stresses in the 
object after the temperatures have returned to ambient levels [35]. In the welding process, tensile and 
compressive stresses may arise along the sheet and along the weld bead. The typical distribution of 
both longitudinal (a) and transverse (b) residual stresses in welding joints can be shown in    
Figure 1 [36]. 
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Figure 1. Residual stresses distribution in a welding joint (a) σx and (b) σy. 
3. Numerical and experimental working 
3.1. Selection of welding parameters 
In the present work, the influence of the main welding parameters on the residual stress 
amplitude in the welding corner joint is analyzed. For this, an orthogonal array of tests was 
developed by Taguchi, L27, where it is possible to combine different levels for the defined 
parameters. Table 1 shows the levels used for each parameter. 
Table 1. Welding parameters and levels. 
Nº Symbol Parameters Units Levels  
1 2 3 
1 A Welding current (A) 163 181 202 
2 B Welding speed  (mm/s) 10 13 16 
3 C Torch angle (o) 30º 45º 60º 
3.2. Numerical analysis 
In this case, a L27 array was used to define the combination of parameters. The numerical 
simulations were carried out using SymufactWelding® software version 6.0 using a double ellipsoid 
model for energy distribution transferred from the heat source to the component [24]. 
The double ellipsoid model (Figure 2) and transversal section cord (Figure 3) were previously 
calibrated with experimental welding (Figure 4) which, in this, case was used a robot. The 
measurements are obtained from metallographic samples of welding cord as shown in Figure 5.  
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Figure 2. Geometry of Goldak double ellipsoid (software image). 
 
Figure 3. Measures to be taken from the cross section of the experimental model (software image). 
 
Figure 4. Experimental specimen of a corner joint of combination 19. 
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Figure 5. Metallographic sample of transversal section cord of combination 20. 
Having the dimensions of the experimental cords for all combinations, these values were used 
in the simulations. The numerical model shown in Figure 6 corresponds to the model projected in the 
SymufactWelding® software, where the plates to be welded, the weld bead, and the fixing devices 
were inserted, in the same orientation and position of the experimental tests. 
Figure 6 shows the studied process model. The model configuration is specified as: two 
components (plates), 1 bearing, 2 clamps, 1 robot, and the arc welding process. Other specifications 
related to the material, welding parameters, trajectories and assembly have also been specified. As 
input conditions in the SymufactWelding® software, the values of voltage (V), current (A),    
speed (mm/s) and torch angle (º) were used, as shown in Table 2. The mesh pattern used in the 
simulations is shown in Figure 7. 
 
Figure 6. Numerical model of a corner joint. 
After all simulations completed, the values of the maximum principal stress (MaxPS) were 
withdrawn at various points along the x-axis, Figure 7. 
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Figure 7. Line of reading of the MaxPS computed. 
The maximum values of the residual stresses for each simulation are presented in Table 2. 
Table 2. Combination parameter for welding program and maximum principal stress. 
Simulation Current (A) Speed (mm/s) Torch angle (º) Voltage (V) MaxPS (MPa)
1 163 10 30 22.6 75.4138
2 163 10 45 22.6 72.7757 
3 163 10 60 22.6 62.2036 
4 163 13 30 22.6 78.6806 
5 163 13 45 22.6 82.6118 
6 163 13 60 22.6 76.7528 
7 163 16 30 22.6 94.3697 
8 163 16 45 22.6 85.5548 
9 163 16 60 22.6 84.5229 
10 181 10 30 23.4 70.9412 
11 181 10 45 23.4 73.7608 
12 181 10 60 23.4 61.0019 
13 181 13 30 23.4 73.8837 
14 181 13 45 23.4 74.4494 
15 181 13 60 23.4 71.9547 
16 181 16 30 23.4 78.6379 
17 181 16 45 23.4 85.487 
18 181 16 60 23.4 85.7779 
19 202 10 30 23.8 61.0982 
20 202 10 45 23.8 62.5565 
21 202 10 60 23.8 54.5618 
22 202 13 30 23.8 80.4348 
23 202 13 45 23.8 76.0197 
24 202 13 60 23.8 73.9517 
25 202 16 30 23.8 79.484 
26 202 16 45 23.8 77.2585 
27 202 16 60 23.8 79.3789 
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The simulation required 8 h on a virtual machine cluster (HPC) with 64 GB of RAM. The 
average value of the residual stresses (MaxPS) for each parameter is presented in Table 3. Based on 
the results is possible to determine the combination that minimizes the residual stresses. In this case, 
the combination that minimizes the residual stress is A3B1C1 (202 A, 10 mm/s and 30º). On the 
other hand, the combination that maximizes the residual stress is A1B3C3 (163 A, 16 mm/s and 60º). 
Table 3. Average residual stresses. 
Parameters Level MaxPS 
A 1 79.21 
2 75.10 
3 71.64 
B 1 66.03 
2 76.53 
3 83.39 
C 1 72.23 
2 76.72 
3 76.99 
3.2.1. ANOVA analysis 
The goal of the analysis of variance (ANOVA) is to determine which design welding parameters 
affect meaningfully the residual stresses. In Table 4 it is possible to observe the ANOVA analysis for 
MaxPS residual stresses. Thus, for MaxPS residual stresses the most influent parameter is welding 
speed (65%) followed by the welding current with a contribution of 12%, and the torch angle with 6%. 
The possible reason for such an observation could be that with the increase in welding speed, the rate 
of heat input is higher than the rate of heat dissipation. This effect results in greater heating located in 
the melting zone and thermal incompatibility, which causes the formation of residual stresses. That is, 
if the heat source moves faster, there will be less time for the heat transfer to occur with the 
surrounding material. This effect has already been proven analytically by Zasa et al. [37]. 
Table 4. ANOVA analysis for MaxPS. 
Source DF SQ MS F-value  P-value Contribution (%) 
Current (A) 2 258.6 129.3 7.14 0.005 12% 
Welding speed (mm/s) 2 1374.5 687.27 37.93 0 65% 
Torch angle (º) 2 128.5 64.27 3.55 0.048 6% 
Error 20 362.4 18.12    
Total 26 2124     
Where DF is the degree of freedom, SQ is the sum of squares and MS the mean squares. 
3.2.2. Experimental analysis 
In order to validate the numerical simulations, was implemented an experimental procedure to 
welding a specimen using a robot (Yaskawa MA2010 with a DX200 controller) and the welding 
machine (Fronius TransPuls 4000 CMT R). After the welding of each specimen the residual stress 
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was measured. As the main objective of this work is to validation the combination to minimize 
(simulation 19) and maximize (simulation 9) the level of residual stresses. The residual stresses were 
measured with the hole-drilling technique (Figure 8) using the RS-200 milling guide that is a 
high-precision instrument for analyzing residual stresses (Figure 9). To measure the strain relaxation 
resorted to a special rosette of strain gages, that was located immediately ahead the weld bead, at x 
axis direction, and 50 millimeters in y direction at half cord. 
 
Figure 8. Experimental specimen of corner joint with strain gauge rosette. 
 
Figure 9. Corner joint specimen with RS-200 during residual stress measurements. 
The residual stresses values were determined using H-Drill software. The residual stresses are 
determined from the strain values measured in the strain gauges (Table 5).  
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Table 5. Comparison numerical and experimental results and relative error. 
 MaxPS (MPa) Error 
Numerical Experimental
S_09 85 106 20%
S_19 61 67 9% 
4. Conclusion 
The numerical simulations of GMAW welding process with SymufactWelding® software 
proved to be a useful and powerful tool for the calculation of residual stresses in the weld joints with 
6082-T6 aluminum alloy. 
The Taguchi method allows the determination of the combination of welding parameters to 
minimize and maximize the value of residual stresses. The optimal combination that minimizes the 
MaxPS residual stresses is A3B1C1, i.e., a welding current of 202 A, a welding speed of 10 mm/s 
and 30° for the torch angle. On the other hand, A1B3C3 combination was the one that maximizes 
MaxPS, i.e., 163 A, 16 mm/s and 60° for the welding current, welding speed and torch angle, 
respectively. 
The ANOVA analysis was successful in identifying the influence of each parameter on the 
variation of residual stresses. In the case of MaxPS, the welding speed was the most influent 
parameter (65%) while the angle torch was the least important parameter (6%). 
The numerical simulations were validated with experimental tests and were proved that the 
numerical results are relatively close to the experimental data, but not on the security side. The 
relative error in the measurements is 20% in combination 19 and 9% in combination 9.  
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